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ABSTRACT
We present integral field spectroscopic observations of six emission-line nebulae that surround
the central galaxy of cool core clusters. Qualitatively similar nebulae are observed in cool core
clusters even when the dynamics and possibly formation and excitation source are different.
Evidence for a nearby secondary galaxy disturbing a nebula, as well as AGN and starburst
driven outflows are presented as possible formation mechanisms. One nebula has a rotation
velocity of the same amplitude as the underlying molecular reservoir, which implies that the
excitation or formation of a nebula does not require any disturbance of the molecular reservoir
within the central galaxy. Bulk flows and velocity shears of a few hundred kms−1 are seen
across all nebulae. The majority lack any ordered rotation, their configurations are not stable
so the nebulae must be constantly reshaping, dispersing and reforming. The dimmer nebulae
are co-spatial with dust features whilst the more luminous are not. Significant variation in
the ionization state of the gas is seen in all nebulae through the non-uniform [NII]/Hα ratio.
There is no correlation between the line ratio and Hα surface brightness, but regions with
excess blue or UV light have lower line ratios. This implies that UV from massive, young
stars act in combination with an underlying heating source that produces the observed low-
ionization spectra.
Key words: galaxies:clusters:individual:A262,A496,A1068,A2390,2A0335+096,
RXJ 0821+0752 – cooling flows – intergalactic medium –ionized gas
1 INTRODUCTION
In many cool core clusters the brightest cluster galaxy (BCG) of-
ten has blue excess light indicative of recent star formation with
colours that imply starbursts occurring over 0.01-1 Gyr (Allen
1995; Crawford et al. 1999; McNamara et al. 2004). These galax-
ies are laboratories where one can study gas cooling from the ICM
and accreting onto the galaxy, a situation which may be much more
common in the high redshift universe, and they can be sued to test
theories for the growth of massive galaxies (e.g Benson et al. 2003;
McNamara et al. 2006; Rafferty et al. 2006).
Line-emitting nebulae surround approximately a third of all
BCGs (Crawford et al. 1999), with a strong correspondence be-
tween the presence of an optical nebula and the short radiative
cooling time of the cluster core. Well-studied nearby examples, in-
cluding NGC 1275 in Perseus (Conselice et al. 2001); NGC 4696
in Centaurus (Crawford et al. 2005); and A1795 (Cowie et al.
1983), exhibit extended filamentary nebulae (up to 50 kpc from
the central galaxy), some of which are co-spatial with soft X-
ray filaments. Many of these luminous BCGs also contain reser-
voirs of 108 − 1011.5 M⊙ of molecular hydrogen (e.g. Edge 2001;
Salome´ & Combes 2003).
In this paper we present integral field spectroscopy of the ion-
⋆ E-mail:hatch@strw.leidenuniv.nl
ized nebulae that surround six BCGs. We aim to map the morphol-
ogy, kinematics and ionization state of the nebulae to gain an under-
standing of their formation, heating and relationship to the cluster
core. Suggested formation mechanisms include entrainment of the
central molecular gas reservoir by buoyantly rising radio or ghost
bubbles (Bo¨hringer et al. 1995; Churazov et al. 2001; Fabian et al.
2003); the outcome of an interaction between the gas reservoir
and a secondary galaxy (e.g. Bayer-Kim et al. 2002; Wilman et al.
2006); or gas outflow induced by a central starburst or AGN ac-
tivity. The nebulae can be extremely luminous, requiring a con-
stant and distributed heating source (e.g Johnstone & Fabian 1988;
Jaffe & Bremer 1997). So far this source remains unknown as no
proposed heating mechanism reproduces all the emission-line prop-
erties. A single dominant mechanism may not apply to all BCG
nebulae, and there may be a mixture of heating mechanisms acting
within a single nebula (e.g Sabra et al. 2000).
In section 2 we describe the properties of the BCG sample,
section 3 describes the observations and in section 4 the data re-
duction. The morphology, kinematics and ionization state of the
nebular gas are presented in section 5, and section 6 discusses gen-
eral trends within the sample.
We have used the following set of cosmological parameters:
Ωm = 0.3, ΩΛ = 0.7, H0 = 70km s−1 Mpc−1.
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Cluster LX (0.1-2.4 keV) 1.4 GHz power Hα luminosity
1044 ergs−1 1024W Hz−1 1040 ergs−1
A262 0.288 0.039 1.1
A496 1.8 0.27 11.8
2A 0335+096 2.25 0.104 57.2
RXJ 0821+0752 2.01 0.12 255
A1068 44 4.48 >91.71
A2390 13.4 10 120
Table 1. Properties of clusters and galaxies in IFU study. References for
X-ray luminosity: Ebeling et al. (1996); Ebeling et al. (1998). References
for radio power: Bıˆrzan et al. (2004); Markovic´ et al. (2004), Sarazin et al.
(1995), Becker et al. (1995); Gubanov & Reshetnikov (1999); Ebeling et al.
(1998). References for Hα luminosity: Heckman et al. (1989); Cowie et al.
(1983); Romanishin & Hintzen (1988); Bayer-Kim et al. (2002);
Allen et al. (1992). 1 luminosity is given as lower limit as it has been
determined from slit spectroscopy
2 SAMPLE PROPERTIES
The objects selected for the integral field unit (IFU) study were
picked from the ROSAT Brightest Cluster Sample optical follow-
up of the brightest cluster galaxies (Crawford et al. 1999) and were
chosen to cover a range of optical, X-ray and radio properties. All
the target galaxies lie within the centre of clusters which exhibit
bright centrally peaked X-ray emission and have cool cores. Ta-
ble 1 summaries the X-ray properties of the clusters and the radio
and Hα luminosity of the central galaxies. We refer to the central
galaxy by the name of the cluster in which it resides.
A262 is a relatively poorly populated nearby cluster with a mass
deposition ratio of 19M⊙ yr−1 (Blanton et al. 2004). The central ra-
dio source B2 0149+35 has a double-lobed morphology orientated
approximately East-west (Parma et al. 1986). The interaction be-
tween the radio source and the ICM has created two cavities seen as
low surface brightness regions in X-ray images that coincide with
the radio lobes (Blanton et al. 2004). With a redshift of z=0.0163,
the linear scale gives 0.33 kpc arcsec−1.
A496 is a relaxed cluster with a cool core with a central
metal abundance enhancement (Tamura et al. 2001). The cen-
tral cD galaxy (MCG –02-12-039) is a fairly weak line-emitter
(Fabian et al. 1981; Hu et al. 1985) and is host to the compact radio
source MSH 04-112 (Markovic´ et al. 2004). At a redshift of 0.0329
the galaxy has a linear scale of 0.656 kpc arcsec−1.
2A 0335+096 is an X-ray bright cluster in which the cluster core
shows complex structure including depressions in the X-ray sur-
face brightness, interpreted as ‘ghost bubbles’ (Kawano et al. 2003)
and soft X-ray filaments that align with the emission-line nebula
(Sarazin et al. 1992). A weak elongated radio source is associated
with the central galaxy, with two emerging jets at position angles
60◦ and 240◦ in the direction of the X-ray cavities (Sarazin et al.
1995). Romanishin & Hintzen (1988) were the first to image the
filamentary nebula, showing a 12 kpc extension in the direction of a
nearby secondary galaxy that lies 6.5 arcsec (4.5 kpc) to the North-
west of the BCG. At a redshift of 0.0349, 1 arcsec corresponds to
0.695 kpc.
RXJ 0821+0752 The central galaxy is host to a weak radio
source, is surrounded by bright blue knots to the Northeast of
the galaxy and is known to be a luminous Hα+[NII] emitter
(Bayer-Kim et al. 2002). The galaxy contains a large central molec-
ular gas reservoir (Edge & Frayer 2003). The X-ray surface bright-
ness is centred on the BCG and extends to the Northwest in the
same direction as the Hα and CO emission. Assuming a steady-
state cooling flow the cluster has a mass deposition rate of ∼
30M⊙ yr−1 . Bayer-Kim et al. (2002) suggest that the emission-line
nebula may be formed by a combination of processes including
ICM cooling and disturbance of the gas reservoir by the nearby
secondary galaxy that lies 4 arcsec to the Southeast of the central
galaxy. The galaxy has a redshift of 0.11 (Crawford et al. 1999).
A1068 A rich cluster in which the cD galaxy is offset from the
X-ray centroid by approximately 2 arcsec (McNamara et al. 2004).
This high X-ray luminosity cluster exhibits complex ICM structure
in the core. The Chandra data are consistent with a cooling rate of
30M⊙ yr−1 within a core radius of 30 kpc (Wise et al. 2004). The
galaxy colours show that the BCG has been experiencing star for-
mation at the rate of 20-70M⊙ yr−1 for the past 100 Myr and 95%
of the ultraviolet and Hα photons emerge from the region with the
shortest X-ray cooling time, possibly indicating that the ICM is
fueling the star formation in the central galaxy (McNamara et al.
2004). The nebula emits strong [OIII] line emission indicating that
the source of ionization is different to other BCGs which have weak
[OIII] emission beyond the galaxy nucleus. Weak Wolf-Rayet fea-
tures in the spectrum suggest that the dominant source of nebular
ionization is a massive starburst (Allen 1995). A1068 has a redshift
of 0.1386 giving a linear scale of 2.45 kpc arcsec−1.
A2390 This rich cluster has a high X-ray luminosity and a
large mass deposition rate of 200-300 M⊙ yr−1 (Allen et al. 2001).
The brightest galaxy lies at the peak of the X-ray emission,
and has extended optical line-emission (Leborgne et al. 1991),
Lyman-α emission (Hutchings & Balogh 2000) and contains dust
(Edge et al. 1999). The galaxy is also host to a core-dominated ra-
dio source (Augusto et al. 2006) which is one of the most luminous
radio sources within a BCG. The radio source is a medium-sized
symmetric object orientated North-South, misaligned approxi-
mately 45 degrees from the emission-line structure. At 1.65GHz
the radio emission has an extent of 0.9 arcsec (Augusto et al.
2006), although the resolution of the radio observations is such that
any structure on scales of ∼10 arcsec could be missed. The galaxy
has a visible star formation rate of 5.4M⊙ yr−1 (Crawford et al.
1999). A2390 is the most distant cluster in the sample, with a
redshift of z=0.2301, the luminosity distance is 1147 Mpc and
1 arcsec corresponds to 3.6 kpc.
3 OBSERVATIONS
The data were obtained with the Oasis integral field unit (IFU)
on the William Herschel Telescope (WHT) on the nights of 2005
Sept 17, 22, 27, Dec 6, 2006 Dec 1,2. The seeing conditions
were 0.8-1.5 arcsec. The NAOMI adaptive optics system was used
throughout the observations to improve the strehl ratio of the ob-
servations. Significant improvement can be made if a bright guide
star is situated nearby the target galaxy, such as near A262. No
bright (mV > 12) guide star was available for the other five tar-
gets, therefore only fast tip-tilt correction was used with the avail-
able fainter guide stars. In addition to the science targets the stan-
dard star HR7950 was observed with the MR807 grating and star
HR1544 was observed with the MR661 grating on the night of
Sept 17. The seeing at the time of the A262, 2A 0335+096, and
A2390 observations was measured to be 0.7 arcsec from the recon-
structed image of the standard star taken with the OASIS IFU. The
Hα and continuum emission is almost point-like in the nucleus of
A1068 therefore a Gaussian model was fit to the Hα nucleus of the
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galaxy and the FWHM of the seeing is measure to be 1.1 arcsec.
The seeing during the A496 and RXJ 0821-0752 were measure by
the DIMM to be < 1.4 arcsec. The spatial configuration was de-
termined by using the 22 mm enlarger, which gave an IFU field-
of-view of 10.3× 7.4 arcsec. This area was divided into ∼1100
lenslets resulting in a spatial sampling of 0.26×0.26 arcsec. Each
target galaxy was observed in 2 or more exposures, each of approx-
imately 900 sec. Each exposure was offset by 0.4 arcsec to provide
oversampling and avoid bad pixels on the CCD. The airmass of
A262, A2390 and 2A 0335+096 was 61.06 throughout the obser-
vations, whilst A1068 was observed at an airmass 61.13 and A496
at an airmass of 61.35. Due to these small airmasses, observing
in the red part of the spectrum and over a very narrow wavelength
range, there was no need to correct for the relative shift due to the
atmospheric dispersion (Filippenko 1982). Details of the observa-
tions are summarized in Table 2. The spectral resolution ranges be-
tween 223−273km s−1 . The MR 661 grating observes the wave-
length range 6210–7010A˚, MR 735 observes 6940–7760A˚, whilst
MR 807 observes the range 7690–8460A˚.
4 DATA REDUCTION
The data were processed using the OASIS dedicated reduction
package XOASIS (version 6.3). Each datacube underwent basic
data-reduction steps including overscan correction, bias subtrac-
tion, spectra extraction, wavelength calibration, flat-fielding, cos-
mic ray removal and sky-subtraction using either an average sky
spectrum extracted from an area of empty sky or using a 900 sec-
ond blank sky frame. The precision of the wavelength calibration
was checked. 13 arc lines were detected in the MR 661 grating. The
mean error was 0.017A˚ with a standard deviation of 0.01A˚. For
the MR 807 grating only 5 arc lines were detected and the mean
error was 0.005A˚ with a standard deviation of 0.003A˚. Seven arc
lines were detected in the wavelength range of the MR 735 grating,
the mean error was 0.061A˚ with a standard deviation of 0.028A˚.
The data cubes were shifted to remove the 0.4 arcsec dither, re-
normalised to account for variations in transparency, resampled to a
spatial scale of 0.2×0.2 arcsec per lenslet, and finally median com-
bined (except A496 which was taken as the mean of the two obser-
vations). The datacubes of A262, A2390 and 2A 0335+096 were
flux calibrated using the standard stars HR1544 and HR7950.
The data of each lenslet were fitted with a multiple
Gaussian and constant continuum model for the lines of Hα ,
[NII]λλ6548, 6584, [OI]λλ6300, 6363, and [SII]λλ6717, 6731.
All the emission-lines were forced to have the same redshift and
velocity width. The continuum level was obtained by fitted a con-
stant over the continuum region between the [OI]λ6363 line and
the [NII]λ6548 line. The continuum parameter was then frozen
which acted as to remove the continuum level. The flux of the
[OI]λ6363 line was set at one third of the flux of the [OI]λ6300
line, and the relative normalisation of [NII]λ6548 was fixed at a
third of the [NII]λ6584 emission-line.
Data from A2390 did not cover the [SII] and data from
2A 0335+096 did not cover the [OI] lines therefore the Gaussian
normalisation of these lines were fixed at zero during the line fit-
ting process. Line fitting was done using the QDP package (Tennant
1990).
Maps of the Hα+[NII] flux, line-of-sight velocity, line-width,
and [NII]/Hα line ratio were created for each nebula. The line-of-
sight velocities of the emission line nebulae were obtained from
the Doppler shifts of the strong Hα and [NII] emission-lines. The
zero-point of the line-of-sight velocity is defined as the redshift of
the lenslet at the galaxy centre. A cross is placed on each image
identifing the IFU lenslet at the galaxy centre. The galaxy centre
is defined as the lenslet containing the maximum continuum emis-
sion, except in A262. A large dust lane cuts North-South across
A262, therefore the continuum emission from the central region
is fainter than the surrounding area. Instead the IFU lenslet with
the maximum Hα+[NII] emission marks the galaxy centre. This
central lenslet is situated in the line-width peak, which corrobo-
rates its identity as the galaxy centre. All line-widths discussed are
FWHM (full width at half maximum) and have been corrected for
instrumental broadening. The FWHM of the instrumental profile is
∼215-260km s−1 at Hα which was determined from nearby sky-
lines and arc lamp line emission. In these maps we present only the
pixels in which the flux in the strongest lines (Hα and [NII]) were
greater than three times the uncertainty (from the goodness-of-fit
between the Gaussian model and the data) of the intensity parame-
ter of each line. This 3σ criterion limits the spatial extent of the IFU
maps. For A496 only [NII]λ6584 is particularly strong, therefore
only this line is used to determine whether line-emission is present.
The detection limit is approximately 10−16 ergcm−2 s−1 , so there
may be a fainter component that is not visible in these images.
5 RESULTS
5.1 A262
Fig. 1 displays a Hubble Space Telescope (HST) snapshot and IFU
images of the central galaxy of A262 including: Hα+[NII] line-
emission, line-width, line-of-sight velocity and [NII]/Hα ratio. The
line-emission traces the large dust lanes that cut across the galaxy
including the main North-South dust lane and a secondary com-
ponent that stretches from the bottom left-hand corner to just be-
yond the galaxy centre. There is further emission corresponding
to dust patches in the Northwest corner. At the centre of the neb-
ula there is a bright bar approximately 0.6 kpc long at a position
angle of 122 degrees. The line-width is greatest at the centre of
the galaxy but is elongated along the zero-velocity curve which
is also the direction in which the radio emission emerges and or-
thogonal to the bright bar of Hα emission. Such kinematics may
indicate unresolved rotation or an interaction between the radio jets
and the ionized gas. The line-of-sight velocity of this region is low
(6100km s−1 ) and shows no bulk flow in the direction of the radio
axis, but the gas motion is highly turbulent on scales of 0.2 arcsec
(65pc). The ionized gas of A262 is rotating with a peak-to-peak ve-
locity of 550km s−1 . 4× 108 M⊙ of cold molecular hydrogen has
been detected in this galaxy through the tracer CO (Prandoni et al.
2006). The emission-lines of CO(1-0) and CO(2-1) have ‘double-
horn’ profiles with a FWHM of 550km s−1 which indicates that the
molecular gas exists in a rotating disk. The rotation velocity of the
molecular gas is similar to the amplitude of the rotation seen in the
ionized gas therefore the molecular and ionized gas are probably
different temperature components of the same gas reservoir. Al-
though the ionized gas is much easier to detect, it comprises only a
tiny fraction (0.03%) of the gas mass (see section 5.8). An alterna-
tive interpretation is that the nebula is in a bipolar outflow, but the
nebula’s association with the large dust lane argues against this. If
the nebula flows outward the receding half of the nebula should lie
behind the bulk of the stellar light, therefore the clear association
with dust would not be observed in the top section.
The total Hα luminosity within the field-of-view of the IFU is
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Cluster RA Dec Redshift Exposure Grating Seeing
name (J2000) (J2000) time (sec) (arcsec)
A262 01 52 46.5 36 09 08 0.0163 4×900 MR 661 0.7
A496 04 33 37.7 -13 15 39 0.0329 1000+900 MR 661 –
2A0335+096 03 38 40.5 09 58 12 0.0349 4×900 MR 661 0.7
RXJ0821+0752 08 21 02.6 +07 51 31 0.11 6×900 MR 735 <1.3
A1068 10 40 44.4 39 57 12 0.1375 6×900 MR 735 1.1
A2390 21 53 36.7 17 41 45 0.228 4×900 MR 807 0.7
Table 2. Summary of observations. The seeing is the FWHM and is given in arcsec. The error on the seeing is ∼ 20 per cent.
Figure 1. Images of A262 from left to right: HST ASC F435w; Hα+[NII] flux (with colour bar scaling in units of 10−16 ergcm−2 s−1 ); line-width [km s−1 ];
line-of-sight velocity [km s−1 ]; [NII]/Hα ratio. Images are 7.4×9.4 arcsec. In all Figs. 1–6 (except 2) only the IFU lenslets in which Hα and [NII]λ6584 are
detected above 3σ are presented. The cross marks the emission-line flux peak which indicates the galaxy centre. North is up, East is left in all Figs. 1–6.
Figure 2. Images of A496 from left to right: Unsharp mask HST ASC F702w image; normalized Hα+[NII] flux; line-width [kms−1 ]; line-of-sight velocity
[km s−1 ]; [NII]/Hα line ratio. Images are 9.0×7.4 arcsec. Only lenslets in which [NII]λ6584 is detected above 3σ are presented. The cross marks the
continuum maximum which indicates the galaxy centre
Figure 3. Images of 2A 0335+096 from left to right: negative HST ASC F606w; Hα+[NII] flux (with colour bar scaling in units of 10−16 ergcm−2 s−1 );
line-width [km s−1 ]; line-of-sight velocity [km s−1 ]; [NII]/Hα ratio. Images are 7.2×9.4 arcsec. The black box indicates the IFU field-of-view. A secondary
galaxy is visible to the Northwest just beyond the IFU field-of-view. The cross marks the galaxy centre defined by the continuum maximum.
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Figure 4. Images of RXJ 0821 from left to right: HST WFPC2 F606w; normalized Hα+[NII] flux; line-width [kms−1 ]; line-of-sight velocity [km s−1 ];
[NII]/Hα line ratio. Images are 10.0×8.4 arcsec. The cross marks the continuum peak which indicates the galaxy centre.
Figure 5. Images of A1068 from left to right: Negative HST ASC F606w; normalized Hα+[NII] flux (logarithmic scale); line-width [kms−1 ]; line-of-sight
velocity [kms−1 ]; [NII]/Hα line ratio. Images are 13.4×9.8 arcsec. The cross marks the continuum peak which indicates the galaxy centre.
Figure 6. Images of A2390 from left to right: HST ASC F555w/F814w; Hα+[NII] flux (with colour bar scaling in units of 10−16 ergcm−2 s−1 ) ; line-width
[km s−1 ]; line-of-sight velocity [km s−1 ]; [NII]/Hα line ratio. Images are 9.4×7.4 arcsec. The cross marks the continuum peak which indicates the galaxy
centre.
LHα = 8.8× 1039ergs−1. The [NII]/Hα line ratios span the range
of 1−4. The brightest pixels, which lie in the central region, have
the lowest line ratios and the ratio tends to increase radially, but
the extreme outer regions to the Northwest and Southeast also have
very low ratios.
5.2 A496
Fig. 2 displays the IFU observations of A496 and a HST unsharped-
mask snapshot of the galaxy. The unsharped-mask HST image
shows 3 spiral dust lanes uncurling anticlockwise from the galaxy
centre. The peak Hα+[NII] emission corresponds to the area where
the three dust lanes meet in the galaxy centre. The line emission fol-
lows the general path of the dust features, but is not as filamentary.
Deeper high resolution images are needed to determine whether
the line emission is directly associated with the dust, as in A262 or
NGC 4696 (Crawford et al. 2005).
The kinematics of A496 are smooth and ordered like A262.
The maximum line-width of ∼600km s−1 occurs in the dust free
central region to the Northeast of the galaxy centre. The rest
of the nebula has a line-width of 100−250km s−1 . The line-of-
sight velocity reveals a bulk flow, with the Southern part of the
galaxy blueshifted by −200km s−1 whilst the Northern section is
marginally redshifted up to +150km s−1 , but no clear kinematic
pattern is associated with the spiral dust structures. Comparison of
the emission-line kinematics with the stellar kinematics presented
in Fisher et al. (1995) show that the two components are not con-
nected. The peak-to peak gas velocity of 350km s−1 is fairly low
compared to the other BCGs, and the stellar component of A496
has a mean rotation of only 29km s−1 (Fisher et al. 1995). The low
stellar kinematics are suggestive of a lack of ordered motion within
the stellar component, but the spiral dust features prominent in the
HST image and the bulk flow of the nebula indicate that there is
ordered motion in the gas component.
5.3 2A 0335+096
Fig 3 displays the IFU observations and a HST snapshot of
2A 0335+096. Two separate Hα+[NII] central knots are visible to
the Northwest and Southeast of the nuclear continuum forming a
bar-like morphology that was first noted by Romanishin & Hintzen
(1988). Bright diffuse line-emission extends Northwest toward
c© 0000 RAS, MNRAS 000, 000–000
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the secondary galaxy that lies just beyond the IFU field-of-view,
whilst dimmer emission extends Northeast. The two Hα peaks of
2A 0335+096 have different velocities. The Southeastern Hα peak
is blueshifted by −250km s−1 compared to the Northwestern knot.
The zero-point of the line-of-sight velocity is uncertain due to the
presence of the two Hα peaks, neither of which match the peak in
continuum or line-width (although the continuum and line-width
maxima are co-spatial). The two nuclei of 2A 0335+096 also have
different line ratios, the Southeast nucleus has larger [NII]/Hα ra-
tios than the Northwest nucleus. Generally the [NII]/Hα ratio is
large in the galaxy centre, decreasing with distance from the core.
The nebular gas that extends towards the secondary galaxy
has a bulk velocity that is radially increasing in redshift. The sec-
ondary galaxy is redshifted by approximately 212km s−1 relative
to the central galaxy nucleus (Gelderman 1996). Thus the North-
west emission not only extends towards but also matches the ve-
locity of the secondary galaxy. Gelderman (1996) also notes abrupt
changes in line ratios, line widths and radial velocity at the position
of the secondary galaxy, providing further evidence of an interac-
tion. Given the projected distance of The secondary galaxy (which
lies 4.5 kpc from the BCG nucleus) may have disturbed the molec-
ular gas reservoir approximately 30 Myr ago (projected distance/
velocity shear) forming the large Northwest extension of the neb-
ula.
5.4 RXJ0821+0752
Fig 4 displays the IFU observations and a HST snapshot of
RXJ 0821+0752. Unlike the rest of the sample presented here
the line emission is not primarily emitted from the galaxy nu-
cleus (marked by a cross), but is offset Northwest of the galaxy.
Bayer-Kim et al. (2002) have deeper spectra of the nucleus which
show that there is very low surface brightness line emission that
is below the detection limit of the IFU observations. The brightest
part of the nebula is coincident with the bright arc and knots that
surround the North of the galaxy (see the HST snapshot). These
regions have strong blue continuum and stellar synthesis models
have shown them to be star forming regions containing OB and A
stars (Bayer-Kim et al. 2002). There is a clear relationship between
the Hα flux and the [NII]/Hα ratio. Lenslets with Hα greater than
half the maximum flux have [NII]/Hα= 0.5. Below this Hα flux
the ratio increases with 0.4<[NII]/Hα<1.2. Most low flux lenslets
have a high [NII]/Hα .
The largest line width of ∼ 300km s−1 occurs in a region
East of the nucleus that is coincident with low surface brightness
diffuse continuum emission. The arc and blue knots have a rela-
tively low line width of 150km s−1 and the line-width gradually
decreases across the nebula from East to West. As no line-emission
was detected in the nucleus the line-of-sight zero point is defined as
the lenslet with the peak Hα+[NII] flux. The line-of-sight velocity
smoothly varies from −180−90km s−1 .
5.5 A1068
Fig. 5 presents a HST snapshot of A1068 together with the IFU ob-
servations. The IFU image captured the majority of the emission-
line nebula, but a faint Northwest extension seen in the narrow-
band image of McNamara et al. (2004) is below the IFU detection
limit. The nebula extends Southwest almost perpendicular to the
stellar axis of the galaxy, and Northwest in the direction of the
radio emission. The core region is extremely bright compared to
the surrounding nebula, with a peak surface brightness over 150
times greater than the majority of the nebula. The central region
shows signs of being in the non-linear/saturated regime: the ratio
of [NII]λ6584/[NII]λ6548 within a radius of 0.5 arcsec around the
central lenslet is less than 3 – the value set by the ratio of the sta-
tistical weights of the lines. The brighter [NII]λ6584 line saturates
before the dimmer [NII]λ6548, reducing the ratio from 3. The dim-
mer [NII]λ6548 line is not saturated as the ratio only decreases to
2 in the centre rather than 1. The Hα flux is slightly less than the
[NII]λ6584 flux but it is also likely to suffer from nonlinearity ef-
fects and saturation in the core region. The decrease in the [NII]/Hα
ratio from 1.4 to 1 in the nucleus may be due to the saturation of
the [NII]λ6584 line. The core has also saturated in the HST image.
A secondary galaxy lies to the Northeast, but the nebula does not
extend towards it.
The line-width of the outer nebula is fairly uniform (at ∼
100− 200km s−1 ) with a sharp increase towards the core, where
the line-width reaches 650km s−1 . In this galaxy the maximum
continuum, line-width and line-flux peaks are co-spatial. There is
a small extension of the large line-width ∼20◦ West from North,
where the line emission is blueshifted by ∼ −50km s−1 relative to
the nucleus. This is the only region where blueshifted emission is
observed. Any outflow from the nucleus directed along the line-of-
sight would be masked out, as the zero-point of the line-of-sight
velocity is obtained from the lenslet at the centre of the continuum
peak. In such a situation all the nebula would appear redshifted
compared to the nucleus. This appears to be the case in A1068.
McNamara et al. (2004) derive a star formation rate per unit area
of 0.05–0.13M⊙ yr−1 kpc−2 within a 10 arcsec radius of the galaxy
centre. Starburst-driven winds are common in galaxies in which the
star-formation rate exceeds 0.1M⊙ yr−1 kpc−2 (Heckman 2003),
therefore we may be viewing a starburst-driven outflow from the
nucleus of A1068. If the velocity zero-point is taken as an average
of the whole nebula, then the outflow velocity would not be greater
than ∼ 175km s−1 . This value is relatively low, especially when
we consider that our viewing angle must be almost directly aligned
with the outflow.
McNamara et al. (2004) observe UV flux and infer significant
star formation in the nucleus and the Northwest region. The ion-
ized gas in the Northwest and the nucleus generally have lower
[NII]/Hα ratios than at a comparable radius to the South. There-
fore photoionization by massive stars plays a role in heating the
gas and may lower the [NII]/Hα ratio.
5.6 A2390
Fig. 6 presents the IFU observations and a F555w/F814w HST im-
age of A2390 which highlights the blue knots and dust features
in this galaxy. Blue knots and dust features extend from the nu-
cleus both Northwest and Southeast at a position angle of approx-
imately −45 degrees. The nebula accompanies the blue light and
dust to the Northwest; however, there is no emission-line gas to
the Southeast. The peak of the Hα+[NII] line-emission coincides
with a dust lane that bisects the blue light morphology. The black
cross marking the peak of the continuum light corresponds to a
bright blue knot just below this dust feature. It is likely that the
central dust lane is obscuring the stellar light causing the slight mis-
alignment of the galaxy centre (defined by the continuum) and the
peak of the line flux. The total Hα luminosity from the galaxy is
LHα = 1.2×1042 ergs−1 .
The kinematics of A2390 are extremely ordered: the line-of-
sight velocity gradually increases from the galaxy centre towards
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the Northwest. The peak velocity of ∼700km s−1 is rather high
compared to other BCGs (both in this study and in Heckman et al.
1989). The small extension to the Southeast of the nucleus is
blueshifted to −100km s−1 . Hutchings & Balogh (2000) measure
a Lyα velocity of >3000km s−1 out to a distance of 1.5 arcsec from
the nucleus which is much greater than the gas velocity measured
from Hα in the data presented here. These high-velocity compo-
nents may contribute to the unresolved kinematic component at the
galaxy centre.
Such ordered motion my be due to normal galaxy rotation.
Although it is unclear why we are able to observe only one side
of this galaxy which has a peak-to-peak rotation amplitude of
∼1200km s−1 . This rotation is hundreds of kms−1 greater than the
rotation velocity typical of elliptical and S0 galaxies (Sarzi et al.
2006). Other possibilities include a cooling-wake; inflow; or out-
flow. A cooling-wake may be able to form when the BCG oscil-
lates around in the cluster potential. Gas may be stripped from the
galaxy and further gas cools directly from the ICM in a tail behind
the galaxy. If the ionized gas within the nebula condenses from
the intracluster medium it should be kinematically linked to the
cluster rather than the central galaxy. Therefore the velocity of the
gas that is situated furthest from the galaxy should have settled to
the cluster velocity. The nucleus of the central galaxy of A2390
has a heliocentric radial velocity that is offset from the mean clus-
ter velocity (determined from 225 cluster galaxies; Struble & Rood
1999) by +590km s−1 . The tip of the nebula is redshifted by al-
most +600km s−1 relative to the nucleus, which means it is offset
by +1190km s−1 relative to the mean cluster velocity. Thus the neb-
ular kinematics suggests that it has not formed as a cooling-wake.
Hutchings & Balogh (2000) argue that it would be unusual
to detect only the receding (Northwest) side of a double jet sys-
tem in Hα and they attribute the blue knots and associated line-
emission to infalling material. The line-of-sight speed increases
with radius rather than decreases, as predicted by cooling flow the-
ory (Fabian et al. 1984), although this may be due to a projection
effect if the filament is intrinsically curved along the lone-of-sight.
Alternatively the nebula may have formed from an outflow
driven by a starburst or AGN. The galaxy is host to a relatively
powerful radio source and the blue cones in the HST data have an
opening angle of 20-30◦, similar to other wide-angled AGN out-
flows (Veilleux et al. 2002). However, the size and orientation of
the 1.4 GHz radio emission does not match the nebula.
Crawford et al. (1999) derive a star formation rate of
0.18M⊙ yr−1 kpc−2 (5.4M⊙ yr−1 in an 2.3 arcsec2 aperture) by fit-
ting stellar models to a long-slit optical spectrum. Compari-
son to star formation measurements from other wavebands con-
firm this measurement: the LINER-like line-ratios mean it is
unlikely that all the Hα flux is produced by photoionization
by massive stars, but we can use the measured Hα lumi-
nosity as an upper limit on the star formation rate. The to-
tal Hα luminosity of 1.2×1042 ergs−1 gives a star formation
rate of 9.5M⊙ yr−1 (Kennicutt 1998), and Egami et al. (2006)
use Spitzer to measure a star formation rate of 5M⊙ yr−1 from
the far-infrared luminosity. A galaxy with a star formation rate
>0.1M⊙ yr−1 kpc−2 is likely to produce a wind and therefore the
nebula of A2390 may be driven outward by the star formation.
The starburst model demands that enough energy be produced
by supernovae to drive the mass outflow and supply the kinetic
energy to the gas. To calculate the energy released by the star-
burst we assume that 0.5% of the stellar mass formed will re-
sult in supernovae, and that each supernova event will release
1051 erg, which will couple to the surrounding gas with a 10% ef-
ficiency (Hutchings & Balogh 2000). Thus the star formation rate
of 5.4M⊙ yr−1 will result in 0.027 M⊙ yr−1 of stars that will be-
come supernovae. The mean supernova progenitor mass is at least
∼10M⊙ , therefore the supernovae rate is 0.0027 yr−1 which results
in an energy release into the surrounding gas of∼ 3×1047 ergyr−1 .
The total kinetic energy comprises both the bulk and turbulent ki-
netic energy of the nebula, and amounts to Ekin = 1.45× 1055 erg
with the major component residing in the turbulent kinetic energy
(Eturbulent = 9.0× 1054 erg) and the remainder in the bulk kinetic
energy (Ebulk = 5.5× 1054 erg). Therefore a star formation burst
would have to last at least 50 Myrs to provide the kinetic energy
observed. The energy required to work against the ICM pressure is
insignificant compared to the kinetic energy of the flow. The dy-
namical time of the wind (∼15kpc/600km s−1 ) is ∼25 Myr, and is
therefore significantly shorter than the time required to accumulate
the necessary energy. Therefore the nebular kinematics are consis-
tent with an outflow powered by an AGN but not starburst-driven.
The range of line ratios in A2390 is much narrower than the
other galaxies in this sample, with the [NII]/Hα ratio ranging be-
tween 0.5–1.4. This range matches well with NGC 1275 and the
high luminosity BCGs studied by Wilman et al. (2006). The dusty
bar that bisects the galaxy at a position angle of ∼ 53 degrees has
the largest [NII]/Hα ratio of 1− 1.4. The brightest blue knot, ap-
proximately 2 arcsec Northwest from the galaxy centre, has the
lowest [NII]/Hα ratio of∼ 0.6. The rest of the extended nebula has
a [NII]/Hα ratio of ∼ 0.8− 1. As in A1068 and RXJ 0821+0752,
the regions which show blue excesses have the lowest [NII]/Hα
line ratio, whilst the dusty regions have higher [NII]/Hα ratios. Dif-
ferent heating sources may be operating in these separate regions
producing the non-uniform line ratio.
5.7 Surface brightness profiles
The line-emission peaks close to the continuum peak except for
2A 0335+096 and RXJ 0821+0752. To check for the contributions
from stellar-UV or AGN ionization we compare the observed radial
surface brightness profile of Hα with two simple models. Ioniza-
tion by the central AGN will cause the radial Hα–flux profile to fol-
low an inverse-square law under the special conditions of constant
gas pressure and uniform cloud filling factor. If the Hα clouds are
in hydrostatic equilibrium with the surrounding ICM then dPdr < 0
and the Hα flux should drop with a steeper gradient than inverse-
square. It the filling factor of the clouds is non-uniform, the inverse-
squared model is invalid. Ionization by stellar light will cause the
radial flux profile to be more complex, but in its simplest form it
is expected to follow the continuum profile. The dust absorption
in A262 makes a comparison between the line-emission and the
stellar light difficult, therefore the line-flux profile is not compared
to a stellar ionizing model. The radial profile of both the line flux
and continuum is created by averaging the Hα flux and continuum
in circular apertures centred on the central lenslet (marked by a
cross). Fig. 7 plots the radial Hα profiles of the BCGs within clus-
ters A262, A496, A1068 and A2390. The Hα surface brightness
profile for all four galaxies is significantly broader than the inverse-
square model, therefore it is unlikely that the nebulae are ionized
by a central source such as an AGN beyond a radius of 0.5 arcsec.
The Hα profile follows the continuum profile in A496 and A1068
therefore photoionization by stellar UV may be important in these
extended nebulae.
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Figure 7. Normalised radially averaged Hα surface brightness profiles (di-
amonds) of A2390, A1068, A262 and A496. The solid line is an inverse-
square model convolved with a Gaussian with a FWHM fixed by the see-
ing at time of observation, normalised to the second datapoint at 0.2′′; the
dashed line is the radial average of the continuum arbitrarily normailsed.
Errors are plotted at the 1σ level.
A262 A496 A1068 A2390
Density 400 ±300150 100 (< 2000) 650±1350400 600±800350
Nebular pressure 1.7×10−9 4.1×10−10 2.7×10−9 2.5×10−9
ICM Pressure 1×10−10 4×10−10 6.5×10−9 1.7×10−9
Hα luminosity 8.8×1039 – – 1.2×1042
Mass (M⊙) 1.2×105 – – 5.6×106
Table 3. Average density (cm−3), pressure (dynes cm−2) and Hα luminos-
ity (erg s−1 ) estimates of the nebulae for which the [SII] doublet is ob-
served. Central ICM pressure from Blanton et al. (2004), Wise et al. (2004),
Allen et al. (2001) and Dupke & White (2003)
5.8 Density, pressure and mass
The nebulae of A262, A496, A2390 and A1068 exhibit strong
[SII]λ6717, 6731 emission allowing an estimate to be placed on
the electron density. The density is measured from the average of
lenslets where both the [SII] lines are detected above 3σ . For nebu-
lae where the electron density exceeds the lower limit probed by the
[SII] doublet (100 cm−3) we estimate the pressure assuming that
the region containing the S+ is 50% ionized so that the total gas
density is three times the electron density, and that the gas temper-
ature is 10,000 K. Table 3 lists the average densities and pressures.
Although there are large errors associated with the ionized gas pres-
sures, they are very similar to the X-ray-derived ICM pressure.
Heckman et al. (1989) found that the ionized gas was overpressur-
ized by an order of magnitude compared to the ICM, although the
authors stress that the X-ray-derived gas pressures were unreliable.
The measurements of the ICM and ionized gas pressure are now
converging, partly due to the spatial resolution offered by Chandra
which has enabled more accurate measurements to be made of the
ICM thermal pressure close to the nebula.
The masses of the ionized gas from A2390 and A262 are ob-
tained from the Hα luminosity through
M =
L(Hα)mp
neα
e f f
Hα hνHα
, (1)
where ne is the number density of electrons, αe f fHα is the effective
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Figure 8. [NII]λ6584/Hα verses Hα luminosity per square kpc for A262
(X), A2390 (asterisks), 2A 0335+096 (diamonds) and NGC 1275 (crosses).
Datapoints are restricted to those in which Hα and [NII]λ6584 are detected
above 9σ . The solid line marks the 9σ detection limit.
recombination coefficient for Hα line emission and hνHα is the en-
ergy from a photon at the frequency of Hα (Osterbrock & Ferland
2006). We assume case B recombination and a nebular temperature
of 10,000 K to derive the masses listed in Table 3.
Assuming pressure equilibrium with the surrounding ICM we
can estimate a filling factor for the ionized gas. Densities vary be-
tween 100− 1000 cm−3, therefore the observed 1− 10× 105 M⊙
of ionized gas (∼ 1062−1063 atoms) must occupy 1060 cm3 which
corresponds to a sphere of radius 30 pc. The emission we observe
is spread over a large fraction of the IFU field-of-view and occu-
pying at least 3kpc−3, therefore the volume filling factor must be
1×10−9 or less. It is likely that the nebulae exist in the form of a
web of filaments such as those seen in nearby objects (e.g. Perseus;
Conselice et al. 2001)
5.9 [NII]/Hα ratio
The forbidden lines such as [NII]λ6584 result from the excitation
of N+ through collisions with thermalized electrons that were liber-
ated through photoionization. The Hα emission results from the re-
combination of the hydrogen ion. Whilst the rate of photoionization
depends on the strength of the radiation, the mean energy of the lib-
erated electrons (which determines the nebular temperature) only
depends on the form of the ionizing radiation field. The total col-
lisional rate of the electrons with N+ ions depends on the nebular
temperature as well as the electron and ion densities, therefore the
[NII]λ6584 flux depends on the N+ abundance, the strength of the
radiation field and the form of the radiation field: a harder ionizing
source will produce a greater [NII]λ6584 flux. In ionization equi-
librium the number of photoionizations is balanced by the number
of recombinations, thus the Hα flux depends on the strength of the
radiation field. The ratio of the forbidden [NII]λ6584 to Hα line
will depend on the metallicity of the gas and the form of the ioniz-
ing radiation.
There is a correlation between the [NII]λ6584/Hα ratio and
the total nebular Hα luminosity of BCGs (Crawford et al. 1999)
where high luminosity nebulae have low [NII]/Hα ratios. Within
individual nebulae some trends between the line ratio and Hα
luminosity are clear in the IFU [NII]/Hα images. A1068 and
RXJ 0821+0752 both show a decrease in [NII]/Hα with Hα flux,
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whilst A2390 shows the opposite trend of increasing [NII]/Hα with
Hα flux. To test whether there is any general trend between Hα
flux and [NII]/Hα in individual regions within the nebulae we plot
[NII]λ6584/Hα verses Hα surface brightness for all flux calibrated
datasets (A262, 2A 0335+096, A2390 and NGC 1275 [data ob-
tained from Hatch et al. 2006]) in Fig. 8. The solid line marks the
average 9σ detection limit. No trend exists between the [NII]/Hα
ratio and Hα surface brightness. Instead, datapoints from highly-
luminous nebulae tend to lie towards the bottom of the graph with
a small range in line ratio around [NII]/Hα≈1, whilst A262 (a rel-
atively low-luminosity nebula) has a larger spread of line ratios
which tend to be higher. The form of the ionizing radiation and/or
the gas metallicity are not uniform but must vary within each galaxy
and between the whole sample.
6 DISCUSSION
6.1 Dusty nebulae
The low Hα-luminosity nebulae A262 and A496, are co-spatial
with absorbing dust lanes clearly visible in the HST snapshots.
A2390, 2A 0335+096, RXJ 0821+0752, and A1068 are more lu-
minous Hα nebulae, situated in clusters with large X-ray luminosi-
ties and have comparatively large star formation rates. These neb-
ulae have a larger spatial extent and do not correspond with dust
structures, although many nebulae without visible dust structures
are known to be dusty (Donahue & Voit 1993; Edge et al. 1999;
Egami et al. 2006). Dust does not have a long survival time in
the hot ICM (Draine & Salpeter 1979). It can only form when the
gas is shielded from strong UV and X-rays, and lies near regions
rich in stars. BCGs are known to contain vast reservoirs of molec-
ular hydrogen with column densities of 1022 cm−2 (Edge 2001;
Edge & Frayer 2003; Salome´ & Combes 2003) which can shield
the gas from the ICM X-rays long enough for it to become pol-
luted with dust. Therefore the dusty nebulae have probably been
drawn out of the molecular reservoirs that lie in the core of BCGs.
The dust in the nebulae will be destroyed by sputtering by X-rays
from the surrounding ICM on a timescale of∼ 106(aµm/nICM) yrs
(Draine & Salpeter 1979), where aµm is the grain size in mi-
crons and nICM) is the density of the surrounding ICM in cm−3
(∼ 0.1cm−3). The kinematics suggest that the nebulae are at least
5×107 yrs old (see section 6.2), however they still contain dust. If
the dust has been destroyed by sputtering, only the big dust grains
(> 5µm) will remain. Sparks et al. (1989) showed that the proper-
ties of the large dust lane in the emission-line nebula of the BCG
NGC 4696 were similar to dust in the Milky Way, therefore the dust
grains have a similar grain-size distribution. This rules out the pos-
sibility that the sputtering has removed the dust grains smaller than
5µm in this BCG. Therefore the dust must be shielded from the X-
rays and possibly exists in small dense clumps. Further studies of
the properties of dust in BCGs are needed to confirm whether the
grain-size distribution is similar to the Milky Way, or whether the
smaller dust grains have been destroyed.
6.2 Nebular kinematics
The kinematics of the nebulae suggest that tidal interactions be-
tween nearby galaxies and the central molecular reservoir, AGN-
and starburst-driven outflows may all play a role in their forma-
tion. The central galaxy of 2A 0335+096 appears to have been
disturbed by the nearby secondary galaxy. The surrounding neb-
ula extends towards the secondary galaxy that lies 6.5 arcsec away
in projection and increases in velocity smoothly from the BCG nu-
cleus to the secondary galaxy. Four other BCGs have galaxies that
appear nearby in projection (A1068, A496, RXJ 0821+0752 and
A2390), but their nebulae do not extend towards these galaxies nor
do their kinematics indicate that interactions have recently taken
place. A2390 and A1068 show signs of outflow, possibly starburst
or AGN-driven.
A262 and A496 have kinematics consistent with rotation. The
A262 nebula rotates with the same rotation speed as the underly-
ing molecular gas reservoir. Therefore these nebulae are merely
the ionized skins of the molecular reservoir in these galaxies and
do not require any disturbance of the reservoir to become ionized.
Bulk subsonic motions and shear of a few hundred kms−1 across
lengths of a few kpc are seen in the more luminous nebulae. They
do not have ordered rotation and are not in stable configurations.
Therefore these nebulae may disperse, or assuming the molecular
reservoir provides fuel for the nebulae, change morphology on the
order of the dynamical timescale (approximately 5×107yrs). The
smooth velocity gradients of a few hundred kms−1 across dis-
tances of ∼10 kpc imply that the ionized filaments have formed
over ∼50 Myrs. Thus the ionized nebulae are long-lived and must
be able to survive evaporation by the hot ICM for at least this time.
The line width maps of the ionized gas are fairly uniform with
a central gradient near the nucleus of the galaxy with FWHM of
600-800km s−1 , comparable to the velocity dispersion of the cen-
tral regions of elliptical and lenticular galaxies (Sarzi et al. 2006).
The ionized gas can be pressure supported in these central re-
gions if the large line widths are the result of turbulent motions.
The line width of the gas beyond this central region is typically
50−150km s−1 , which is much greater than the expected thermal
broadening of gas at 10,000 K (∼10km s−1 ). Infrared studies have
shown that the ionized gas is accompanied by large amounts of
molecular hydrogen at all radii (Hatch et al. 2005; Jaffe et al. 2005;
Johnstone et al. 2007): the gas is denser and more massive than
observations of the ionized gas phase indicate. Therefore the line
width is too low to provide pressure support against the gravita-
tional potential of the ∼ 1012 M⊙ galaxy. The extended regions of
the ionized nebulae in A262 and A496 can be supported by rota-
tion, however the other galaxies in this sample lack organised rota-
tion. Long-lived stable gas needs to be supported, without rotational
or pressure support the nebula should collapse on timescales of
∼ 107yr, reaching free-fall velocities up to ∼2500km s−1 . The ra-
dial velocities are almost an order of magnitude below the free-fall
velocity, therefore the nebulae must be supported and we must ap-
peal to magnetic pressure support or the gas may be dragged by the
moving ICM as seen in NGC 1275 (Fabian et al. 2003; Hatch et al.
2006). Alternatively the ionized gas, which must have been drawn
out from the galaxy centre (since it contains dust and molecular
hydrogen; Hatch et al. 2005; Johnstone et al. 2007), may disperse
into the ICM before it falls back to the galaxy. As it does so, the
nebula can pollute the ICM with metals from the galaxy centre at
large radial distances.
6.3 Source of nebular heating
The heating source of the atomic gas has been examined in almost
every study of these nebulae, but it remains uncertain. The large
[NII]/Hα and low [OIII]/Hα ratios have proved problematic: no
photoionization or shock model can reproduce the observed spec-
tra. Within each of the six nebulae we found significant spatial vari-
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ation of [NII]/Hα . Most pronounced is the [NII]/Hα map of A2390
that shows direct correspondence between the [NII]/Hα line ratio,
star forming blue knots (lowest [NII]/Hα), and a dust lane (highest
[NII]/Hα). In A1068 the [NII]/Hα ratio is lower in regions which
have a large UV flux than in the remainder of the nebula, and the
bright knots in RXJ 0821+0752 that have blue continuum also have
the lowest [NII]/Hα ratio and highest Hα flux. Even though the
spectral features of the nebulae do not match photoionization mod-
els, the decrease in the [NII]/Hα ratio in regions of UV or blue light
excess implies that stellar UV enhances the Hα emission affect-
ing the line ratio. UV from massive stars is a contributing heating
mechanism in certain areas, but the data also imply that this source
of heating must accompany an underlying heating source that pro-
duces the high forbidden-to-recombination line ratios.
The spatial variation of the line ratios implies the ioniza-
tion state of the gas is not uniform. Different excitation mecha-
nisms may act in different regions. This is in contrast to the sam-
ple of distant (z> 0.13), and highly luminous nebulae observed by
Wilman et al. (2006), where the authors observe a generally uni-
form ionization state. Wilman et al. (2006) suggest that the opti-
cal line emission from high luminosity nebulae is predominantly
powered by distributed star-formation, induced by a perturbation
of the central BCG gas reservoir, which produces uniform line ra-
tios across the nebula. They predict that lower luminosity systems,
which do not have such intense star-formation, will show more vari-
ation in the [NII]/Hα ratio, with the ratio increasing away from the
star-forming clumps. This trend is indeed observed in the high lu-
minosity nebulae RXJ 0821+0752 and A2390. If star-formation is
assumed to be the only mechanism boosting the Hα flux and de-
creasing the [NII]/Hα ratio, we would expect to see a trend be-
tween the [NII]/Hα ratio and the local Hα surface brightness, sim-
ilar to the correlation between the [NII]/Hα ratio and the total Hα
luminosity (Crawford et al. 1999). No such trend is found in the
complete flux calibrated sample nor in the sample of Wilman et al.
(2006). A slight correlation between the [NII]λ6584/Hα ratio and
Hα flux for the non-flux calibrated nebulae of RXJ 0821+0752 and
A1068, but notably not in A2390. Therefore there are likely to be
other factors affecting the line ratios; for example, large variations
in the gas metallicity, or multiple excitation mechanisms which
may act with varying degrees in different nebulae.
The optical and near-infrared emission-lines point towards
a hard and distributed ionizing source. Extremely hot (> 105 K)
Wolf-Rayet stars can produce the correct line ratios (Jaffe et al.
2005). However, the Wolf-Rayet phase of the massive star lifetime
lasts only 0.3−0.7 Myr (Schaller et al. 1992), so it is unlikely that
Wolf-Rayet stars can provide continuous heating throughout the ex-
tended nebula over the lifetime of the filaments, which the nebular
kinematics suggest is at least tens of millions of years. Wolf-Rayet
galaxies, which contain a large population of Wolf-Rayet stars, tend
to have broad He IIλ4686 emission features. Although these fea-
tures are sometimes found in the centre of BCGs with high star for-
mation rates (e.g. A1835; Allen et al. 1992), the He IIλ4686 emis-
sion feature is generally not observed in the majority of these nebu-
lae. There is a correlation between Hα emission and star formation
rate in BCGs (Johnstone et al. 1987; Allen 1995), therefore it is
tempting to assume that the star formation can ionize the nebulae.
This only works if the majority of the UV radiation from the mas-
sive stars is absorbed by the nebula, which will occur only if the
nebula has a covering fraction of unity. The observations presented
here do not rule this out, however this scenario cannot be true for
nearby nebula for which we have high resolution images that show
a covering fraction << 1.
Stellar UV is not the only plausible locally ionizing source,
the surrounding ICM is another possible source of energy and
other suggested mechanisms include turbulent mixing layers
(Crawford & Fabian 1992), and heat conduction (Sparks et al.
1989) or ionization by the thermal electrons from the ICM. The
mean free path (λ = 104T 2/n in cm; Cowie & Binney 1977) of
a thermal electron from the hot ICM (107 K) in the nebular gas
(ne ∼100 cm−3) is ∼0.3pc. Therefore heating by the thermal elec-
trons from the ICM is a plausible mechanism providing that the
clumps of Hα emitting gas are greater than this size. A further im-
portant unknown is the magnetic field geometry which could pre-
vent particles from the hotter phase penetrating to the much cooler
one. Magnetic fields are required within the clouds to prevent them
being shredded by the hot gas (see Loewenstein & Fabian 1990 for
a discussion of magnetic field strengths for various cloud sizes).
The nearby nebulae in M87, NGC 1275 and the Centaurus cluster
show soft X-ray emission from the same location as the line emit-
ting filamentary nebulae (Sparks et al. 2004; Fabian et al. 2003;
Crawford et al. 2005) which suggests an energy exchange between
the ICM and the nebular gas. The resulting spectrum from such a
heating source has been examined by Bo¨hringer & Fabian (1989)
for a steady state model who found that the resulting flux in the
line emission fell below typical nebular values.
The kinematics rule out uninterrupted free-fall of the nebula to
the galaxy centre, therefore the ionized gas must be slowed down,
possibly by magnetic field lines, and in doing so Alfven heating
(Loewenstein & Fabian 1990) may play a role in heating the nebu-
lar gas. Spitzer observations of two nearby nebulae have shown that
cool molecular hydrogen (∼330 K) coexist with the ionized gas at
all radii, and ∼ 20 times more mass exists in the molecular phase
than the ionized phase (Johnstone et al. 2007). Therefore the total
mass in the nebulae may be in excess of 108 M⊙, leading to a great
deal of potential energy being released as the nebular gas falls back
to the galaxy.
7 CONCLUSIONS
We have presented IFU observations mapping the morphology,
kinematics and ionization state of six nebulae that surround BCGs
at the centre of clusters with cool cores. The low-luminosity neb-
ulae A262 and A496 are co-spatial with large dust lanes, but the
high-luminosity nebulae extend beyond the visible dust features.
Smooth velocity shears and bulk flows of a few hundred kms−1
occur in all nebulae with no general trend in the kinematics. Instead
multiple phenomena may affect the nebular motion, including in-
teractions with nearby galaxies, as seen in 2A 0335+096, AGN or
starburst driven outflows as postulated in A2390 and A1068 respec-
tively. One nebula (A262) shows no signs of disturbance as it has
the same rotation velocity as the underlying molecular reservoir.
Therefore the existance of a nebula may not rely on a disturbance
of the molecular reservoir, but merely excitation of the gas.
The nebulae have low-ionization spectra, with large [NII]/Hα
line ratios, but the nebular ionization state is not uniform, regions
with excess blue or UV light have lower [NII]/Hα line ratios.
Therefore stellar UV influences the line ratio but is not the dom-
inant ionization source in many nebulae; there must exist another
distributed, continuous source of heating that produces the low-
ionization spectra.
c© 0000 RAS, MNRAS 000, 000–000
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